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Molecular H2 trapped in AlH3 solid
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Abstract

Solid aluminum hydride, AlH3, has been proposed and studied for applications in hydrogen storage. In some samples, a comparatively narrow
feature in the proton NMR spectrum is observed; we demonstrate here that this peak is due to molecular hydrogen (H2) trapped within the solid,
presumably from earlier processing procedures or partial decomposition. Static and magic-angle spinning NMR show that the responsible species
is highly mobile, even at 11 K. Neutron-energy-gain spectra obtained at 3.5 K yield a feature at or near the free-rotor H2 energy difference between
the J = 1 and J = 0 states. Both NMR and neutron scattering demonstrate ortho–para conversion at low temperatures. Similar NMR signatures in

other hydrogen-storage solids such as NaAlH4 may also be due to trapped H2.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Aluminum hydride (AlH3) has been discussed and studied
ecently for hydrogen-storage applications [1–3]. Depending on
reparation conditions, several AlH3 polymorphs with different
tructures can be produced, where the most stable polymorph is
enoted as the �-phase [4]. These hydrides can decompose into
luminum metal and hydrogen gas:

lH3 → Al +
3

2
H2, (1)

ielding 10% of the initial mass as hydrogen gas. While the

arge hydrogen content is attractive, these AlH3 phases cannot
e regenerated simply by putting an overpressure of H2 above the
l metal reaction product unless extremely high pressure is used

1]. Thus, this system would require off-vehicle regeneration.
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We note that reaction (1) is very weakly endothermic [5];
hermodynamically, the reaction will drive in the indicated direc-
ion (dehydriding) unless H2 pressures of order 105 bar are
resent. Hence, the observation that AlH3 solid does not rapidly
ecompose at room temperature must result from kinetic inhibi-
ion. Heating to 100–150 ◦C does produce rapid decomposition
1–3,5].

Proton NMR spectra of some samples of AlH3 reveal
motionally narrowed component, in sharp contrast to the

igid, dipolar-broadened spectrum of the solid AlH3 com-
onent. Indeed, Zogal et al. reported such a feature in
pectra produced by both continuous-wave [6] and pulsed
7] methods years ago, which they attributed to molecular
ydrogen (H2) adsorbed on surfaces of the hydride particles
7]. Similar narrow NMR components have been reported
8–14] in related hydrogen-storage systems such as NaAlH4.

ere we present proton NMR spectra obtained over a broad

emperature range and neutron-energy-gain spectra at 3.5 K.
ogether, they conclusively demonstrate that the motion-
lly narrowed signal is from H2 trapped in the AlH3 solid,
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Fig. 1. Scanning electron microscopy (SEM) images of alane particles. (a)
Prepared originally at Dow Chemical Company and provided by Brookhaven
National Laboratory (BNL) and (b) provided by United Technologies Research
Center (UTRC) from an unspecified Russian source.
L. Senadheera et al. / Journal of A

resumably during earlier processing or from partial decom-
osition.

. Description of samples

Aluminum hydride from two sources was used in these stud-
es. First, “Dow/BNL” material was obtained through J. Graetz
nd J.J. Reilly of Brookhaven National Laboratory (BNL). It
ad been originally prepared at the Dow Chemical Company
s described by Brower et al. [4] as a possible component
n solid propellants for rocket motors and had been stored at
NL for approximately 30 years [1,15]. The second material
as “Russian/UTRC” and had been originally obtained from an
nspecified Russian source by United Technologies Research
enter (UTRC) and provided to the Jet Propulsion Laboratory

JPL) for NMR characterizations [16]. No further information
n the provenance of this material is available. At JPL and Cal-
ech, both materials were stored under argon; at WU and NIST,

dry N2 atmosphere was used. We note that the Dow mate-
ial was probably exposed to air during most of its 30-year
torage.

X-ray diffraction was used at JPL to confirm the identity of
ach material as �-phase AlH3 [17], while 27Al NMR spec-
ra indicated each also contained a small amount of Al metal
15,16]. SEM micrographs [3] showed that the Dow/BNL mate-
ial was in the form of cubes of roughly 50–100 �m length
n a side, with many tunnels or small holes showing on each
ace as illustrated in Fig. 1(a). The most prominent openings
re of order 5 �m in diameter; there are probably numerous
maller ones that are too small to resolve. In contrast, the
EM image in Fig. 1(b) for the Russian/UTRC powder reveals
maller and more symmetric particles with mostly smooth
urfaces. Hence, the morphologies and, presumably, microstruc-
ures reflect significant differences from the preparation and
rocessing treatments used during the synthesis of these dif-
erent batches of �-phase AlH3. There was no evidence of
urface coatings from either 13C NMR or IR spectroscopy; in the
ow/BNL sample, 27Al solid-state NMR indicated the presence
f aluminum oxides [15,16].

. Results and discussion

Static proton NMR spectra of the Dow/BNL sample of AlH3
ppear in Fig. 2. The sample was loaded into the magic-angle
pinning (MAS) probe of a Bruker DSL-500 spectrometer [18]
perating at 11.7 T, but with the spinning gas off. At a recy-
le delay of 300 s, a signal from the rigid solid (approximately
5 kHz FWHM) and a narrow signal appear. At 1 s recycle
elay, the solid AlH3 signal is absent while the narrow sig-
al remains at the same intensity. Both the narrowness of the
ine and its short relaxation time T1 demonstrate that the sharp
ignal is from a mobile species (i.e., rapidly rotating and, possi-
ly, translationally mobile). From the relative peak areas of the

arrow-to-broad components in fully relaxed spectra, it was esti-
ated that ∼3.2% of the total proton content contributes to the

harp peak [15]. Similar measurements on the Russian/UTRC
ample show essentially no evidence for the sharp resonance

Fig. 2. Static proton NMR spectra at 500 MHz of the Dow/BNL AlH3 sample
at 293 K. The upper curve was obtained with a long recycle delay of 300 s, so
the broad AlH3 solid signal and the sharp H2 signal were both well recovered.
In the lower curve at 1 s recycle delay, the AlH3 signal is suppressed (long T1)
while the H2 signal remains (short T1).
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eak. Throughout this work, the sharp signal is labeled “H2”,
dentification which is proven below.

Magic-angle spinning NMR at rotational frequencies from 6
o 14 kHz yields further narrowing of the sharp “H2” signal, but
ittle narrowing of the broad AlH3 signal [15]. The “H2” peak is
entered at 4.4 ppm relative to the standard reference compound
etramethylsilane (TMS) and has a FWHM of approximately
.22 ppm. Variable-temperature MAS-NMR experiments show
he peak to be present from the lowest temperature surveyed (i.e.,
08 K) up to 423 K, where the sample decomposes rapidly [16].
he present 4.4 ppm shift value agrees with the chemical shift
f 4.3–4.5 ppm for molecular H2 (when referenced to TMS) as
eported in several recent literature sources [19–21]. Almost all
rganic solvents would solidify (and their NMR lines broaden
o nearly the width of the AlH3) at 208 K; thus any solvents
ossibly used in the material synthesis are not likely sources of
he sharp line. The persistence of the sharp signal to 423 K rules
ut adsorbed H2 (indeed strong adsorption of H2 even at room
emperature is essentially unheard of); instead, the H2 must be
rimarily trapped inside the material.

The Dow/BNL sample was moved to a variable-temperature
ewar; proton NMR spectra are reported at 354 MHz in Fig. 3(a)

t 77, 31, and 11 K. The “H2” line remains much narrower than
he signal from the AlH3 solid over this temperature range,
emonstrating the mobility of this species even at cryogenic tem-
eratures. Over this range, the T1 of the “H2” signal remained

ig. 3. Proton NMR (static) of the Dow/BNL AlH3 sample at low temperatures
nd 354 MHz. (a) Frequency spectra of the narrow H2 component at 77, 31, and
1 K. (b) The proton NMR FID; at early times, the (off-scale) rapidly decaying
olid signal is evident. The H2 signal is the component remaining after 70 �s.
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elow 0.2 s, an additional indication of high rotational mobil-
ty. These data are only consistent with molecular H2. We note
hat bulk H2 boils at 20.2 K and freezes [22] at 14 K; motional
arrowing of the bulk solid H2 NMR signal [23,24] from trans-
ational self-diffusion is apparent above 10 K.

Fig. 3(b) presents the time-domain signal at 11 K (FID, free
nduction decay) following a single π/2 rf pulse. The signal
rom solid AlH3 is initially off-scale and shows oscillations (i.e.,
ipolar Lowe beats [25]). After 70 �s, the solid signal has fully
ecayed and only the “H2” signal remains. At higher tempera-
ures where the “H2” spectrum is narrower, a clean distinction
etween the two signals is even more evident. Below 11 K, the
requency broadening of the “H2” signal makes such an AlH3
ersus “H2” distinction less clear.

In detail, the frequency spectra of Fig. 3(a) were obtained
y eliminating the rapidly decaying AlH3 solid signal from the
IDs by using a Gaussian extrapolation of the “H2” FID signal
ack to zero time, with subsequent Fourier transformation. The
H2” signal amplitude M was also monitored as a function of
emperature, T; the product MT is expected to be constant (Curie
aw nuclear spin susceptibility). However, the experimental MT
roduct gradually decreased by about a factor of three upon
ooling to 20 K, suggesting that the rotational motion of some
2 molecules froze-out at higher temperatures. Conversion of
rtho-H2 to para-H2, as discussed below, may also be involved.

Molecular H2 appears in two forms [22], ortho-H2 with total
uclear spin I = 1 (two proton spins parallel) and molecular rota-
ion quantum number J = 1, 3, 5. . ., and para-H2 with I = 0
anti-parallel proton spins) and even values of J. The distinc-
ion is a result of the requirement that the overall molecular
avefunction invert in sign upon interchange of the identical
ydrogen nuclei (Fermions). The energy of each state (unper-
urbed, as in the gas or liquid or even bulk H2 solid) is

=
(

h̄2

2I

)
J(J + 1) = BJ(J + 1), (2)

here B/k = 85.6 K. The large value of B reflects the fact that H2
as the shortest chemical bond length known and the lightest
uclear masses, providing a very small moment of inertia, I.

At low temperatures (below 25 K), thermal equilibrium
ould have essentially all H2 as J = 0 para-H2. However, conver-

ion between ortho and para is very slow, requiring a magnetic
eld gradient (to cause a relative precession of the two proton
pins) oscillating at the J = 0 to J = 1 frequency, �E/h̄. In solid
2 at low temperatures, the magnetic field gradient is provided
y a neighbor ortho-H2. Thus the conversion follows bimolec-
lar kinetics [22]:

dc

dt
= −kc2, (3)

here c is the fraction of ortho-H2 and k has been measured to
e 0.019 h−1.
Room-temperature proton NMR spectra of the Dow/BNL
ample of AlH3 appear in Fig. 4. The more intense spectrum
as obtained before the sample was cooled, so the ortho-H2

oncentration c is 0.75, the high-temperature equilibrium value.
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Fig. 4. Static proton NMR spectra at 293 K and 354 MHz, with only the narrow
H2 component shown. The higher curve is from the Dow/BNL AlH3 sample
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Fig. 5. Neutron-energy-gain spectra from two AlH3 samples at 3.5 K. For the
Dow/BNL sample, bulk-like H2 molecules are apparent from the 14.0 meV scat-
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efore immersion in a liquid-helium storage dewar. The lower curve is from
he same sample after 4 days at 4.2 K. The ratio of areas is 0.48; the smaller
esonance has a somewhat greater linewidth.

fter 4.0 days of immersion of the sample (in a sealed glass
ube) in liquid-helium in a storage dewar, the sample tube was
emoved; the resulting NMR spectrum had approximately one-
alf the initial intensity (recall para-H2 is I = 0 and yields no
MR signals). The measurements in Fig. 4 were performed
nly after verifying that the NMR equipment’s sensitivity was
nchanged, using a second sample that always remained at room
emperature. Integration of Eq. (3) yields

1

c
= 1

c0
+ kt, (4)

here c0 is the initial concentration, 0.75. Using the value [22]
f k for bulk solid H2, the concentration should fall by a fac-
or of two in 3.1 days. The observed conversion rate is thus in
easonable accord with that of bulk solid H2. We note that any
e-conversion during the warm-up of the sample could explain
he slightly smaller apparent rate of conversion.

Neutron scattering measurements were performed on the
ermi–Chopper time-of-flight spectrometer at the NIST Cen-

er for Neutron Research using an incident neutron wavelength
f 4.8 Å. The neutron-energy-gain spectrum of Dow/BNL AlH3
owder at 3.5 K appears in Fig. 5. Because the temperature is
ery low compared to the energy gains involved (recall that
4.7 meV corresponds to the 171 K energy difference between
he unperturbed J = 0 and J = 1 states), the background scattering
s extremely small. The only excited states available to produce
eutron-energy-gain are ortho-H2 molecules, which are all J = 1
t this temperature. The data of Fig. 5 required 16 h for each
pectrum, due to the weak J = 1:J = 0 transition probability [26].

The Dow/BNL sample shows a relatively sharp scattering
eak near 14.0 meV, reflecting H2 molecules with energy lev-
ls similar to that of bulk H2. This peak is consistent with what
s observed from H2 bubbles in electrochemically charged Al
etal [27]. There is around a sixfold larger integrated intensity
rom H2 molecules with substantially smaller J = 1:J = 0 energy
ifferences. These “non-bulk” H2 molecules behave as confined,
indered rotors [22,26] and are either isolated molecules or
ery small nano-clusters situated near internal cavity surfaces

N
s
i

ering peak, which is near the 14.7 meV the free-rotor energy of the J = 1 (ortho)
o J = 0 (para) transition. In contrast, the Russian/UTRC sample shows no evi-
ence of bulk-like H2 being present and has a much lower “non-bulk-like H2”
ontent.

nd experiencing large crystal fields. They may also be respon-
ible for the gradual decrease observed in normalized NMR
ntensity, MT. A second neutron spectrum of the Dow/BNL sam-
le measured after 1.5 days at 3.5 K showed a similar shape
ut with an approximate 50% reduction in intensity indicat-
ng ortho–para conversion. The neutron spectrum in Fig. 5
rom the Russian/UTRC sample shows no evidence of “bulk”

2 molecules although some “non-bulk” H2 contributes to the
eak, broad peak seen above background level. However, its

ontent is around one-third of that of the Dow/BNL sample.
From the relationship between H2 gas pressure and pro-

on spin-lattice relaxation times (T1) established by Lipsicas
nd Hartland [28], the nominal T1-value of 85 ms obtained at
oom-temperature for the narrow component in Fig. 4 implies
nominal pressure of at least ∼750 bar in these bubbles. This

ressure corresponds to the lower limit found for H2 bubbles
ith dimensions of ∼8–15 nm in heavily irradiated LiH [29].
e could not specify locations (i.e., within the bulk hydride, in

r near oxide layers, etc.; 27Al NMR determined Al2O3 should
e about 8% of total aluminum) nor reliably estimate the size
istribution of the bubbles in the Dow/BNL sample from the
roton relaxation times or SEM images but suspect that the H2
ubbles would be similar to those seen in Al metal [27,30]. It
ay be possible to determine the bubble locations and sizes via

ransmission electron microscopy (TEM) or small angle neutron
cattering (SANS); however, such measurements were outside
he scope of the present studies.

. Conclusions
In summary, the Dow/BNL sample of AlH3 shows a sharp
MR line with short T1, from 423 K to below 11 K. The only

pecies which could remain so mobile at such low temperatures
s molecular H2. Further, the H2 must be physically trapped in the
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aterial, possibly in cavities formed during slow decomposition,
ecause molecular H2 could not remain adsorbed up to 423 K.
urther confirmation of the H2 identification comes from the
hemical shift value from MAS-NMR and from the observation
f neutron-energy-gain peaks near the 14.7 meV (unperturbed)
= 1:J = 0 transition. The observation of ortho–para conversion

n the NMR and neutron spectra provide still more evidence
hat the responsible species is H2. We note that the H2 energy
evels may be substantially different than in bulk solid H2, as
ndicated by the gradual freeze-out of normalized NMR signal
ntensity MT and by the broad non-bulk peak in the neutron
pectrum. The �-AlH3 material from the Russian/UTRC source
hows neither NMR nor neutron scattering evidence of bulk
olecular hydrogen. Proton static and MAS spectra have also

een obtained on numerous freshly prepared (i.e., aged from a
ew days to weeks) batches of different AlH3 polymorphs from
. Hawaii, Institute for Energy Technology (Norway) and BNL.

nitially, the proton spectra of these samples did not indicate
ny sharp “H2” peaks [15,16]. However, MAS-NMR indicated
oncurrent formation of Al metal and H2 gas (with a shift at
.4 ppm) from the more unstable � and � phases with time or
eating [16]. From the serial acknowledgments in Refs. [6,7] to
he paper by Baranowski and Tkacz [31] who cited their source
f AlH3 material as being provided by J.J. Reilly at BNL, the
ot of Dow/BNL AlH3 studied in the present work is the same
s used by Zogal et al. [6,7] when they observed the sharp “H2”
eak in their NMR spectra. In contrast to the supposition made
y Zogal et al. [7] that this hydrogen is adsorbed on particle
urfaces, we believe the preponderance of experimental evidence
s more consistent with the H2 molecules trapped within high
ressure (i.e., ≥750 bar) bubbles for this lot of AlH3 made by
ow.
In closing, we note that other hydrogen-storage materials

e.g., such as NaAlH4) have been reported [8–14] to show simi-
ar sharp NMR peaks. While we suspect that trapped molecular

2 may also be present in some of these materials, the peak
ould arise from residual solvents. However, the proton chem-
cal shifts of these solvents are not at ∼4.4 ppm [15]. In any
articular material, experiments similar to those reported here
ould be required for unambiguous identification.

cknowledgments

The authors gratefully acknowledge research support (at
U) from NSF grant DMR-0400512 and (at WU and Caltech)

rom DOE Basic Energy Sciences grant DE-FG02-05ER46256.
he NMR facility (SH) at Caltech is supported by NSF award
724240 and partially by the NSF MRSEC program with award
MR-0520565. This work was also partially supported by DOE
hrough EERE Grants No. DE-AI-01-05EE11104 (NIST) and
E-AI-01-06EE11105 (JPL) and BES Grant No. DE-FG02-
8ER45701 (NIST), and was partially performed at the Jet
ropulsion Laboratory, California Institute of Technology, under

[

[

and Compounds 463 (2008) 1–5 5

contract with the National Aeronautical and Space Adminis-
ration. The authors thank J.G. Kulleck for the X-ray diffraction
nd SEM measurements at JPL. The sources of the sam-
les are appreciated: J. Reilly and J. Graetz at Brookhaven
ational Laboratory and X. Tang, D. Mosher, and S. Opalka at
TRC.

eferences

[1] G. Sandrock, J.J. Reilly, J. Graetz, M.N. Zhou, J. Johnson, J. Wegrzyn,
Appl. Phys. A 80 (2005) 687–690.

[2] J. Graetz, J.J. Reilly, J. Phys. Chem. B 109 (2005) 22181–22185.
[3] J. Graetz, J.J. Reilly, J.G. Kulleck, R.C. Bowman Jr., J. Alloys Compd.

446–447 (2007) 271–275.
[4] F.M. Brower, N.E. Matzek, P.F. Reigler, H.W. Rinn, C.B. Roberts, D.L.

Schmidt, J.A. Snover, K. Terada, J. Am. Chem. Soc. 98 (1976) 2450–2453.
[5] S. Orimo, Y. Nakamori, T. Kato, C. Brown, C.M. Jensen, Appl. Phys. A 83

(2006) 5–8.
[6] O.J. Zogal, B. Stalinski, S. Idziak, Z. Phys. Chem. NF 145 (1985) 167–177.
[7] O.J. Zogal, M. Punkkinen, E.E. Ylinen, B. Stalinski, J. Phys.: Condens.

Matter 2 (1990) 1941–1944.
[8] G. Majer, E. Stanik, L.E. Valiente Banuet, F. Grinberg, O. Kircher, M.

Fichtner, J. Alloys Compd. 404–406 (2005) 738–742.
[9] J.L. Herberg, R.S. Maxwell, E.H. Majzoub, J. Alloys Compd. 417 (2006)

39–44.
10] V.P. Tarasov, S.I. Bakum, S.F. Kuznetsova, Russ. J. Inorg. Chem. 42 (1997)

694–701.
11] V.P. Tarasov, G.A. Kirakosyan, Russ. J. Inorg. Chem. 42 (1997) 1223–1227.
12] J. Senegas, A.M. Villepastour, B. Bonnetot, J. Phys. Chem. Solids 42 (1981)

1061–1069.
13] J. Senegas, M. Pezat, J.P. Darnaudery, B. Darriet, J. Phys. Chem. Solids 42

(1981) 29–35.
14] C.M. Jensen, privately communicated.
15] S.-J. Hwang, R.C. Bowman Jr., J. Graetz, J.J. Reilly, Mater. Res. Soc. Symp.

Proc. 927 (2006), Paper 0927-EE03-03.
16] S.-J. Hwang, R.C. Bowman Jr., J. Graetz, J.J. Reilly, W. Langley, C.M.

Jensen, J. Alloys Compd. 446–447 (2007) 290–295.
17] J.W. Turley, H.W. Rinn, Inorg. Chem. 8 (1968) 18–22.
18] Certain commercial suppliers are identified in this paper to foster

understanding. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology (NIST),
nor does it imply that the materials or equipment identified are necessarily
the best available for the purpose.

19] L.J. Florusse, C.J. Peters, J. Schoonman, K.C. Hester, C.A. Koh, S.F. Dec,
K.N. Marsh, E.D. Sloan, Science 306 (2004) 469–471.

20] H. Lee, J.-W. Lee, D.Y. Kim, J. Park, Y.-T. Seo, H. Zeng, I.L. Moudrakovski,
C.L. Racliffe, J.A. Ripmeester, Nature 434 (2005) 743–746.

21] S. Alavi, J.A. Ripmeester, D.D. Klug, J. Chem. Phys. 123 (2005) 051107.
22] I.F. Silvera, Rev. Mod. Phys. 52 (1980) 393–452.
23] M. Bloom, Physica 23 (1957) 767–780.
24] G.W. Smith, C.F. Squire, Phys. Rev. 111 (1958) 188–193.
25] I.J. Lowe, R.E. Norberg, Phys. Rev. 107 (1957) 46–61.
26] T. Yildirim, A.B. Harris, Phys. Rev. B 66 (2002) 214301.
27] C.E. Buckley, H.K. Birnbaum, J.S. Lin, S. Spooner, D. Bellmann, P. Staron,

T.J. Udovic, E. Hollar, J. Appl. Cryst. 34 (2001) 119–129.
28] M. Lipsicas, A. Hartland, Phys. Rev. 131 (1963) 1187–1193.
Solids 31 (1970) 1461–1466.
30] P. Rozenak, E. Sirois, B. Ladna, H.K. Birnbaum, S. Spooner, J. Alloys

Compd. 387 (2005) 201–210.
31] B. Baranowski, M. Tkacz, Z. Phys. Chem. NF 135 (1983) 27–38.


	Molecular H2 trapped in AlH3 solid
	Introduction
	Description of samples
	Results and discussion
	Conclusions
	Acknowledgments
	References


